Abstract The known species of Pucciniales on the tree genus Annona (Annonaceae), Phakopsora cherimoliae, Batistopsora crucis-filii, B. pistila, as well as the anamorphic species of Aecidium annonae and Uredo rolliniae, were investigated by light microscopy and DNA sequencing. For DNA extraction, N-Phenacylthiazolium bromide (PTB) was used to achieve a higher yield of DNA from herbarium specimens. The phylogenetic analyses were based on the ITS1-5.8S-ITS2 region, partial LSU and SSU of the nuclear rDNA, and the mitochondrial cytochrome oxidase subunit 3. The molecular as well as the morphologic investigations indicated that the genus Batistopsora is synonymous with Phakopsora.
Introduction
The genus Annona comprises several economically important fruit trees that are cultivated worldwide in tropical and subtropical areas (e.g. Morton 1987 ) such as A. cherimola Mill. (cherimoya), A. reticulata L. (custard apple), A. squamosa L. (sugar apple), A. muricata L. (soursop), and hybrids like the so-called atemoya (A. squamosa x A. cherimola). Additionally, local people use and cultivate several other species as sources of fruits, timber and medicine (Ploetz 2003; Chatrou et al. 2004; Gottsberger and Silberbauer-Gottsberger 2006; Morton 1987) . With nearly 200 species, including the recently synonymized genera Rollinia and Raimondia (Rainer 2007; Richardson et al. 2004) , the genus Annona is one of the largest tree genera in tropical ecosystems. The genus is located in the Neotropics with the exception of four species located in Africa . Plant diseases that harm these fruit trees are of agricultural importance and ecological interest. Ploetz (2003) listed a number of diseases on cultivated Annonaceae but only one of them belongs to the rust fungi: Phakopsora cherimoliae (Lagerh.) Cummins on Annona. Further rusts belonging to Phakopsoraceae were described from wild Annona species (Buriticá 1999) . Besides P. cherimoliae, two Batistopsora species, B. crucis-filii Dianese, R.B. Medeiros & L.T.P. Santos and B. pistila Buriticá & J. F. Hennen, are reported occurring on several Annona species (Buriticá 1999) . The Phakopsoraceae is a large family with 12-18 genera and includes more than 200 species Cummins and Hiratsuka 2003; Kirk et al. 2008) . The genus Phakopsora itself comprises approximately 110 species occurring on more than 30 dicotyledonous plant families worldwide mainly in the Tropics (Kirk et al. 2008) . With Phakopsora pachyrhizi Syd. & P. Syd. on soybeans, P. euvitis Y. Ono on grape vine and P. gossypii (Arthur) Hirats. f. on cotton plants, the genus includes some of the most dreaded plant pests on cultivated crops worldwide.
Thus, the aim of the third part of monographic studies of rust fungi on Annonaceae (Beenken and Berndt 2010; Beenken et al. 2012) was to investigate the systematic and phylogenetic relationship of the rust fungi on Annona with a special focus on the Phakopsoraceae. Collections of Aecidium annonae Henn. and Uredo rolliniae W.T. Dale, anamorphic species of Pucciniales described also from Annona species, were examined to determine if they have affinities with the Phakopsoraceae. Samples recently collected in French Guiana and herbarium specimens loan from several herbaria were studied using microscopy and DNA sequencing. All host plants were newly determined to species level to record the host preferences of all species. It was found that any hosts from herbarium specimens were wrongly identified. The specimens that did not belong to Annona were excluded from this study and will be described subsequently (Beenken in preparation) . To give an understanding of distribution patterns and evolutionary traits in rust fungi on Annonaceae in the Neotropics, the results from the present study on Phakopsoraceae were compared with the phylogeographic patterns of the genus Dasyspora, which also occurs on Xylopia in the Neotropics (Beenken et al. 2012 ).
Materials and methods

Fungal collection and morphology
Rust infected leaves of several Annona species were collected during a field trip in French Guiana in 2009. Small pieces of leaves bearing fungal infections were cut out and dried for DNA extraction using silica gel. Additionally, host plants with and without fungal material were dried between papers in a plant press for morphological investigations and host identification. Small pieces of infected leaves were taken from herbarium specimens borrowed from B, BPI, BRUX, M, NY, PC, PUR, S, W and Z + ZT (acronyms according to Index Herbariorum, Thiers 2011) for molecular and morphological investigations, too. Herbarium numbers of samples chosen for DNA extractions are given in bold type together with numbers of isolation with in the specimen lists (see also Table 1 ). All host plants were identified or determination was revised, respectively, using the works of Fries (1931 Fries ( , 1939 , Maas and Westra (1992) , Funk et al. (2007) , Cavalcanti and Ramos (2003) and Castro et al. (1999) . Finally, specimens were compared with scans of specimens (http://plants.jstor. org) and directly with specimens in the Herbaria in Berlin (B), Cayenne (CAY), Munich (M), Vienna (W, WU) and Zurich (Z + ZT). Additionally anatomic characteristics were used to identify host specimens whose determination was dubious (Metcalfe and Chalk 1957; Busch 1913; Maas and Westra 1992; Contreras and Lersten 1984; Wallnöfer 2012) . Finally, B. Wallnöfer, a specialist of Ebenaceae, and H. Rainer, specialist of Annonaceae, (both members of the Naturhistorisches Museum Wien, Vienna, Austria) identified some of the host plants.
Micromorphology of fungi was examined by light microscopy from spore scrapes and hand sections as described in Beenken et al. (2012) . Measurements of 25-50 spores are given as minimum-arithmetic mean-maximum or minimum-maximum, respectively. All specimens contain only uredinia unless otherwise stated by Roman numerals for spore states. Terminology follows Cummins and Hiratsuka (2003) . Modified Flora Neotropica base map no. 1 (prepared by Hendrik R. Rypkema, Department of Systematic Botany, State University of Utrecht, the Netherlands 1989) was used to illustrate the distributions of the species (cf. Beenken et al. 2012 ).
Molecular investigations
DNA was extracted using NucleoSpin Plant II extraction kit (Macherey-Nagel, Düren, Germany) following the manufacturer's standard protocol for plant tissue (cf. Beenken et al. 2012) . Lysis was carried out with buffer PL1, and DNA was eluted in 100 μl elution buffer of the kit. To achieve a higher yield of DNA from herbarium or other difficult specimens, the lysis step was modified according Telle and Thines (2008) : NPhenacylthiazolium bromide (PTB) was added to the lysis buffer PL1 of the extraction kit to a final concentration of 2.5 mM (≈ 0.7 mg/ml); the incubation was executed on a shaker (Eppendorf Thermomixer) for 1-2 h at 65°C; the remaining steps followed the manufacturer's standard protocol. A second method was developed to increase the success of PCR amplification from DNA, which was already extracted by the standard protocol, as follows. The DNA extract was mixed at a ratio of 1:1 with an aqueous solution of PTB (1.4 mg/ml) to a final concentration of ca. 2.5 mM and incubated for 0.5 h at 65°C; this DNA solution was cleaned afterwards and reconstituted using a purification kit (Genomic DNA Clean & Concentrator, Zymo Research, Irvine, CA, USA) to remove the PTB. Success of each DNA extraction was controlled by PCR amplification of the ITS region with rust fungal specific primer. The internal transcribed spacer region (ITS1-5.8S-ITS2), partial LSU (28S) and SSU (18S) of the nuclear rDNA, as well as the mitochondrial cytochrome oxidase subunit 3 (CO3) were amplified and sequenced. PCR amplification and sequencing follow exactly the protocol in Beenken et al. (2012) using the following primer combinations: ITS1-5.8S-ITS2: ITS5-u/ITS4rust (Pfunder et al. 2001; Beenken et al. 2012) . LSU: LRust1R/LR6; LRust1R/LRust3 and LRust3R/LR6 (Beenken et al. 2012; Vilgalys and Hester 1990) . SSU: NS1/Rust18SR; NS1/NSrust3R and NSrust2/ Rust18SR; NS1/NSrust1R, NSrust1/NSrust2R, NS3/ NSrust3R, NSrust2/NSrust5R, NS5/NSrust7R and NSrust6/ Rust18SR (White et al. 1990; Aime 2006; Beenken et al. 2012) . CO3: CO3_F1/CO3_R1 (Vialle et al. 2009 ). Sequences were deposited in GenBank (accession numbers in Table 1 ).
Alignment
The sequences were assembled with Sequencher version 4.10.1 (Gene Codes, Ann Arbor, MI, USA) and aligned with MacClade 4.06 (Maddison and Maddison 2003) . Ambiguously aligned regions were delimited and excluded from phylogenetic analyses with Gblocks version 0.91b (Castresana 2000) . Three datasets with a total of six sub-matrices were created: (i) a combined SSU-LSU dataset consisting of 48 taxa and two sub-matrices (SSU with 1,636 sites, LSU with 831 sites); (ii) an ITS-LSU dataset consisting of 23 taxa and 1,669 nucleotide sites; (iii) a CO3 dataset consisting of 12 taxa and with 627 sites; accession numbers of sequences taken from GenBank are given in Figs. 1 and 3. Sequences in the combined SSU-LSU dataset ( Fig. 1) were derived mainly from Aime (2006) and Beenken et al. (2012) , respectively.
Phylogenetic analysis
The aligned datasets and sub-matrices were analyzed with maximum likelihood methods as implemented in RAxML version 7.2.8 (Stamatakis 2006) . For the SSU-LSU dataset, Caeoma torreyae was selected as outgroup (cf. Aime 2006). For the ITS-LSU dataset, Phakopsora phyllanthi was used as the outgroup because it appears as a sister species to the Phakopsora related species on Annona in the SSU-LSU phylogeny (Fig. 1) . The CO3 dataset consists of all Phakopsora related species of our study with P. meibomiae and P. pachyrhiza as outgroup (cf. the SSU-LSU phylogeny, Fig. 1 ). All analyses were performed assuming a general time reversible model of nucleotide substitution (GTR), estimating a discrete gamma distribution (GTRGAMMA option in RAxML). One thousand rapid hill-climbing runs with distinct starting trees were completed for each dataset. Maximum likelihood bootstrap analyses with 1,000 replicates were performed on the individual sub-matrices to test for potential conflict among the genes. Because no conflict was found (i.e. no well supported differences in the topology) additional analyses on the combined datasets were run. Again, a GTR with gamma model was used, but with partitions according to the sub-matrices, allowing for multiple models of substitution. Three partitions were used for the CO3 dataset, according to the codon position.
Bayesian analysis was performed with MrBayes 3.2.1 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2005) on the same datasets as the maximum likelihood analysis. Independent general time-reversible models (GTR) with gamma distribution approximated by four categories were implemented for all data partitions. Three independent Bayesian runs were conducted for every dataset, each with four chains and 10 million generations, sampling every 100th tree. Post-burn-in trees were collected and the summarizations calculated only when the standard deviation of split frequencies had reached levels below 0.01. To ensure further that the runs reached stationarity and converged on the same ln-likelihood scores, the resulting likelihoods, tree topologies and model estimates were examined and compared by eye. Posterior probability values equal to or greater than 0.95 were considered significant. Lower posterior probability values will be given, if the corresponding ML bootstrap values are higher than 50 %. Phylogenetic trees were visualized using the program Dendroscope (Huson et al. 2007 ).
Result
Five species of Phakopsora on Annona species (Table 2) are recognized including one new species and three requiring new combinations. The molecular data did not allow a separation of the genus Batistopsora with the two species B. crucis-filii and B. pistila from Phakopsora. Uredo rolliniae belongs to Phakopsora, too. One sample assigned as B. crucis-filii turn out as new Phakopsora species that is also only known from its uredinial stage. Additionally one Aecidium species on Annona was described as new to science and one undescribed Fig. 1 Position of Phakopsora and other species on Annonaceae (in bold text) within the Pucciniales. Maximum-likelihood analysis with RAxML version 7.2.6 recovered from combined LSU and SSU sequence data. Numbers at nodes indicate RAxML bootstrap support >50 %/Bayesian posterior probabilities >0.90. GenBank accession numbers of LSU/SSU in brackets, of new sequences in Table 1 ; numbers in italic asign the isolates in Table 1 Dasyspora segregaria (JF263488/JF263507) 
Phakopsora
Uredo sp. was found. The hosts of Aecidium annonae were determined as belonging to the genus Diospyros (Ebenaceae) by morphological and anatomical characters.
Morphology
Six taxa could be distinguished by the morphology of their uredinia on Annona (see key). The presence or absence of periphyses and their arrangement in combination with their length are key characteristics of species groups. Further features to separate single species are size and especially the length-wide ratio of urediniospores, as well as their ornamentation with short or long spines.
Telia are only found in P. cherimoliae, B. crucis-filii and B. pistila. They are all very similar: crust-like, subepidermal, and formed by several layers of teliospores. Spermogonia and aecia were never observed in combination with uredinia or telia but a new Aecidium sp. occurs independently on A. holosericea Saff. and A. spraguei Saff., the same host plant species as B. pistila (Table 2) .
Hosts
All species, which could be separated morphologically, showed preferences to special taxonomical groups, mainly sections, within the genus Annona (Table 2) . Thus, the host range of each species supports the present morphological classification. One single collection of P. crucis-filii, which occurs mainly on species of sect. Helogenia, was observed on A. squamosa (sect. Atta).
Molecular investigations
Most of the DNA extractions from herbarium material using only NucleoSpin Plant II extraction kit (Macherey-Nagel, Düren, Germany) succeeded, with some exceptions (Table 1) . The DNA extracts from one sample of B. crucis-filii and from two older samples of U. rolliniae, which could firstly not be amplified by PCR with ITS primers, were treated subsequently with PTB (Table 1) . Afterwards, PCR amplifications of up to 800 bp long pieces of ITS and LSU, respectively, were possible. Additionally, four samples of U. rolliniae collected 2009 (Table 1) were extracted using the modified DNA extraction with PTB added to the lysis buffer because preliminary tests with several samples of Puccinales has shown that a treatment with PTB could enlarge success of PCR amplifications in general (Beenken et al. in preparation) .
Phylogeny
The resulting RaxML maximum likelihood and Bayesian analyses of each dataset produced trees with more or less congruent topologies. Figure 1 shows a ML analysis from combined LSU and SSU datasets; Fig. 2 shows a ML analysis from combined ITS1-5.8S-ITS2 and LSU dataset; and Fig. 3 shows a ML analysis from mitochondrial CO3 sequence data.
Following species forming uredinia on Annona spp. appeared as a single clade within Phakopsora in the analyses of combined LSU-SSU datasets including species of several genera of the Pucciniales: P. cherimoliae, B. crucis-filii, B. pistila, U. rolliniae and the Uredo sp. on Annona sylvatica A. St.-Hil. (Fig. 1 ). This monophyletic clade shows 99 % bootstrap support and a Bayesian posterior probability of 1.00. Herein, the indistinguishable Batistopsora spp. and U. rolliniae form a well-supported sub-clade as sister taxa. P. cherimoliae and the Uredo sp. on Annona sylvatica appear also as sister taxa but with a low bootstrap support. The Phakopsora clade itself represented here additionally by two species from Euphorbiaceae, P. phyllanthi Dietel and P. argentiniensis (Speg.) Arthur, and two species from Fabaceae, P. pachyrhizi Syd. & P. Syd., and P. tecta H.S. Jacks. & Holw. is also highly supported. Within the Phakopsora clade, the species on Annona appeared next to P. phyllanthi, (Fig. 2) shows a similar topology as the corresponding sub-tree in the LSU-SSU analyses. B. crucisfilii and B. pistila were not distinguishable by the ITS-LSU sequences, too. There were single base changes at nine positions of the ITS alignment between several samples of B. crucis-filii from Brazil and B. pistila but they did not allow separating one distinct sub-clades for each species. U. rolliniae is highly supported in sister position to the Batistopsora spp. Within U. rolliniae, two subgroups appeared that differed in a few base pairs of the ITS (1.3 % differences) and LSU (0.6 % differences) sequences. One subgroup originated from Trinidad (type locality) and northwestern French Guiana, the second group was formed by samples collected in the Southeast of it in French Guiana. The Uredo sp. on A. sylvatica is sister species to all the other species on Annona.
In phylogenetic analyses of the mitochondrial CO3 (Fig. 3 ) the tree topology differs slightly from them of the nuclear rDNAs. P. cherimoliae and Uredo sp. on A. sylvatica are sister taxa with a good support. The Batistopsora spp. have identical CO3 sequences, too. Their positions and that of U. rolliniae are not resolved with any support. Spermogonia and aecia unknown. Uredinia in small groups or scattered on abaxial leaf sides, 0.1-0.5 mm in diameter, of Calidion-type (Cummins and Hiratsuka 2003) , subepidermal, erumpent, surrounded by free, clavate periphyses forming a dense ring; periphyses up to 60 μm long, basal 5-10 μm wide at the apex up to 15 μm slightly enlarged, walls basally 1 μm at the apex up to 8 μm thick; paraphyses similar to periphyses but smaller and thinner walled; urediniospores ovate to subglobose, 20-23.5-30×16-19.2-21 μm, wall pale brown, 1-1.5 μm thick, ornamentation densely fine echinulate with thin, conical, 0.5-1.0 μm high spines, germpores obscure.
Telia close to the uredinia, subepidermal, crust-like, dark brown, 0.1-1.0 mm in diameter, teliospores in 3-6 layers, cubical to oblong-ellipsoid, 7-13(17)×12-26 μm, walls 1-2 μm thick or up to 3 μm in the outermost spore layer, yellow to light brown. D-haustoria, intracellular haustorial bodies cylindrical, arched (sausage shaped), 10-15×3-4 μm, thinly, laterally or nearly terminally stalked.
Host and distribution: On leaves of the following species of Annona sect. Atta: A. cherimola Mill., A. reticulata L., A. squamosa L. and hybrids between them. Phakopsora cherimolia is known from Argentina, Brazil (Ferrari et al. 2004) , Colombia, Costa Rica, Cuba, Ecuador, Guatemala, Honduras, Mexico, Venezuela, USA (Florida, Texas) and the Philippines.
Notes: Phakopsora cherimoliae is morphologically distinguished by fine echinulate urediniospores and free, clavate periphyses with apically thickened walls. While the hosts of P. cherimoliae are cultivated in all subtropical and tropical regions of the world, records of P. cherimoliae are almost exclusively from the Americas. It occurs from the southern USA in the north to northern Argentina in the south. Only one old sample comes from outside of the Americas. It was Fig. 4 Spermogonia and aecia not found. Uredinia in small groups or scattered on abaxial leaf sides, 0.1-0.4 in diameter, of Uredostilbe-type (Cummins and Hiratsuka 2003) , subepidermal, erumpent, palisade-like surrounded by periphyses fused to each other forming a tube; periphyses 40-110 μm long, basal 5-8 μm wide at the apex up to 15 μm slightly enlarged to capitate, walls colorless to pale brown, basally 1-3 μm and at the apex up to 5(8) μm thick; paraphyses not found; urediniospores ovate to subgobose, 20-21.5-26×15-17-20 μm, length-wide ratio 1.06-1.31-1.73, wall pale yellow, ca. 1 μm thick, ornamentation densely fine echinulate with thin, conical, 0.5-1.0 μm high spines, germpores obscure. Telia close to the uredinia, subepidermal, crust-like, dark brown, 0.1-0.2 mm in diameter, teliospores in columns, in 3-4(5) layers, cubical to oblong-ellipsoid, 6-10×13-18 μm, walls 1-2 μm thick, yellow to light brown. D-haustoria, intracellular haustorial bodies cylindrical, arched (sausage shaped), 9-16×3-5 μm, thinly, laterally or nearly terminally stalked.
Host and distribution: On leaves of the following species of Annona sect. Helogenia: A. tomentosa R.E. Fr. and A. paludosa Aubl., a single collection on A. squamosa L. (sect. Atta). Found in the cerrados and savanna-like habitats of Brazil and French Guiana.
Notes: Phakopsora crucis-filii is similar to P. cherimolia in that it has densely fine echinulate urediniospores but differs morphologically by the longer periphyses of its uredinia that are fused to a tube. In contrast to Dianese et al. (1993) , who described spermogonia of group VI, type 5 (Cummins and Hiratsuka 2003) and young undeveloped aecia, it could be found neither spermogonia nor aecia in the present material. The findings of P. crucis-filii on A. paludosa in French Guiana are the first reports for this host species and first records out of Brazil (Berndt 2013 Spermogonia and aecia unknown. Uredinia in small groups or scattered on abaxial leaf sides, 0.1-0.4 mm in diameter, of Uredostilbe-type (Cummins and Hiratsuka 2003) , subepidermal, erumpent, palisade-like surrounded by periphyses fused to each other forming a tube; periphyses 40-120 μm long, basal 5-10 μm wide at the apex up to 14 μm slightly enlarged to capitate, walls colorless to pale brown, basally 1-3 μm and at the apex up to 5 μm thick; paraphyses not found; urediniospores ovate to subgobose, (17) 20-22.4-25×14-16.5-19 μm, length-wide ratio 1.11-1.37-1.64, wall pale yellow, ca. 1 μm thick, ornamentation echinulate with broad, conical, 1-2 μm high spines, germpores obscure. Telia close to the uredinia, subepidermal, crust-like, dark brown, 0.1-0.2 mm in diameter, teliospores in columns, in 3-4 layers, cubical to oblong-ellipsoid, (5)8-10×14-18 μm, walls ca. 1 μm thick, apically up to 4 μm thick in the outermost spore row, yellow to light brown. D-haustoria, intracellular haustorial bodies cylindrical, arched (sausage shaped), 12-17 × 3-5 μm, thinly, laterally or nearly terminally stalked.
Host and distribution: On leaves of species following of Annona sect. Pilanona: A. holosericea Saff., A. sericea Dunal and A. spraguei Saff. Records in Central America from Honduras and Panama; records in northern South America from French Guiana and Guyana.
Notes: Phakopsora pistila shows the same type of uredinia with tube forming periphyses as P. crucis-filii but it is easily distinguishable by the widely-spaced, long spines on its urediniospores. The presented collections from French Guiana reported Annona sericea as a host of P. pistila for the first time (Berndt 2013, as B. pistila 
Mycobank no. MB805026
Figs. 4e and 6 Basionym: Uredo rolliniae W.T. Dale, Mycol. Pap. 59: 8 (1955) Spermogonia and aecia unknown. Uredinia scattered on abaxial leaf sides, 0.1-0.2 mm in diameter, of Uredo-type (Cummins and Hiratsuka 2003) , subepidermal, erumpent; peri-and paraphyses lacking; urediniospores subglobose to ovate, 17-19.5-26×12-14.9-17 μm, length-wide ratio 1.00-1.32-1.71, wall pale yellow, ca. 1 μm thick, ornamentation densely fine echinulate with thin, conical, 0.5-1.0 μm high spines, germpores obscure. Telia not found. D-haustoria, intracellular haustorial bodies cylindrical, arched (sausage shaped), 12-22×3-4 μm, thinly, laterally or nearly terminally stalked.
Host and distribution: On leaves of Annona exsucca DC [= Rollinia exsucca (DC.) A. DC], known from the island Trinidad and from French Guiana.
Notes: In contrast to the previous Phakopsora species, the uredinia of P. rolliniae lack peri-or paraphyses. Its subglobous urediniospores are fine echinulate. The collections from French Guiana were the first records from the South American mainland (Berndt 2013 Notes: Phakopsora annonae-sylvaticae has uredinia without sterile elements like P. rolliniae but differs from it by elongate urediniospores with longer and thinner spines.
Types Note: The host plant belongs to Annonaceae but could not certainly be determined to genus level.
7. Aecidium verannonae Beenken sp. nov.
Mycobank no. MB805028
Fig. 7 Etymology: from Latin verus, -a, -um (= true, real, right) and the host genus Annona to indicate that this Aecidium occurs really on a true Annona in contrast to A. annonae that does not occur on an Annona species (see below).
Spermogonia and aecia in large groups on discolored (brown in herbarium specimens) leaf spots of 5-15 mm diameter, slightly hypertrophied to 1 mm thick with age. Spermogonia adaxial, light brown to black, of group VI, type 5 (Hiratsuka and Hiratsuka 1980) , subepidermal, lens shaped, 100-130×120-140 μm, hymenia slightly concave. Aecia of Aecidium-type (Cummins and Hiratsuka 2003) , abaxial, 0.17-0.25 mm in diameter, surrounded by white cup to tube shaped peridia split in several lobes; aeciospores nearly cubic to polyhedral with rounded corners, 15-16.28-18(20) x 12-14.91-18 μm, length-wide ratio 1-1.09-1.4, wall 1-1.5(2) μm thick, colorless to pale yellow, ornamentation irregularly, coarsely verrucose to areolate, with angular and cubical, 1-2 μm high and 0.5-1.5(2) μm wide warts, refracting cylindrical bodies, 3 μm high and 3-5 μm in diameter. Peridial cells in longitudinal Section 15-25 μm long, 10-15 μm thick, wall at the inner side 1-2 μm thick with a low verrucose ornamentation, walls at the outer side 1 μm thick with 2-4 μm high rodlike thin warts densely tuberculate, peridial cells in plan view scale-like arranged, ovoid, 16-28 (31) μm long, 15-24 μm wide, ornamentations of inner sides densely verruculose, of outer sides appear densely fine-dotted to labyrinthine in parts.
M-haustoria, intracellular haustorial bodies cylindrical to oblong ovoid, 5-10×2-3 μm, with a terminal, ca. 1 μm thick, thin walled, filiform appendix.
Host and distribution: On leaves of Annona spraguei Saff. and A. holosericea Saff. in Central America with records from El Salvador, Honduras and Panama.
Notes: Aecidium verannonae is the only known Aecidium species from Annona spp. up to now. Aecidium annonae, the epithet of which indicates the host genus Annona, occur neither on Annona nor on other Annonaceae but on Diospyrus (Ebenaceae). Both species differs also distinctly in their morphology. Aecidium verannonae has aeciospores with a rough ornamentation and refracting bodies that lack on the fine verrucous aeciospores of A. annonae. In contrast to A. verannonae, the inner sides of peridial cells of A. annonae are smooth.
Types: on leaves of Annona spraguei, Panama: Juan Diaz, 21 Aug 1923, leg. F. L. Stevens, Fungi of Panama no. 1240 (Holotype: BPI US0151224; Isotypes: BPI US0151226, PUR 43011 = isolate 87) (0, I).
Additional specimens: On Annona spraguei The type of C. anisodontus has leaves with long pedicellate glands as in the host plant of P. argentiniensis but its leaves differ slightly in format and the margins are more crenate. However, these small differences maybe can be accepted within the variability of C. anisodontus (Cordeiro pers. com.).
Phakopsora phyllanthi Dietel on Phyllanthus acidus (L.) Skeels, Brazil: Ceará, Fortaleza, 10 Jan 2006, leg. F. Freire, det. R. Berndt (RB 8581 = isolate 83, in ZT). spermogonia of group VI, type 5 and uredinia of Uredostilbetype. Phakopsora has group VI, type 7 spermogonia insofar as they are known (Cummins and Hiratsuka 2003) . In connection with the spermogonia, Dianese et al. (1993) described additionally young undeveloped aecia. In contrast to Dianese's observation, neither spermogonia nor aecia could be found in the present abundant material of B. crucis-filii and B. pistila. On the other hand, an Aecidium sp. occurs on the same Annona spp. on which B. pistila occurs ( Table 2 ). They were never observed both together on one single leaf but F.L. Stevens collected both at the same place and date from A. spraguei in Panama (his collection numbers 1240 and 1240a). It turned out, after sequencing, that this Aecidium neither belongs to B. pistila nor is related to another Phakopsoraceae but represents a new species, A. verannonae (Fig. 1) . Aecidium verannonae has spermogonia (Fig. 5f ) of type 5 (Hiratsuka and Hiratsuka 1980) that are similar to those described and illustrated by Dianese et al. (1993) in its dimensions and position in the leaf tissue. Unfortunately, the original material of Dianese et al. (1993) was not available from Brazil to verify with molecular techniques whether the described spermogonia and aecia belong to Batistopsora or possibly to another Aecidium species co-occurring with telia and uredinia of B. crucis-filii on the same leaf. However, the differences between spermogonia of types 5 and 7 within group VI are minor (Hiratsuka and Hiratsuka 1980) and any further morphological characters were not observed that could justify a separation of Batistopsora from Phakopsora (cf. Berndt et al. 2008; Cummins and Hiratsuka 2003) . The arrangement of teliospores into columns or irregular patterns seems to be very variable, even within single species (Ono et al. 1992) and is not suitable for genus characterization (Cummins and Hiratsuka 2003) . The differences between the uredinia surrounding periphyses of Batistopsora and Phakopsora are more of quantitative than qualitative character. The periphyses of Batistopsora are of the similar shape as in P. cherimoliae but much longer and laterally fused. However, both species of the genus, Batistopsora crucis-filii and B. pistila, appeared together with P. cherimoliae within Phakopsora in all molecular phylogenies with high supports (Figs. 1, 2 and 3 ). Therefore, Batistopsora is congeneric to Phakopsora and its species have to be transferred to Phakopsora, as Cummins and Hiratsuka (2003) already assumed.
Key of rust fungi on
Uredo rolliniae and the new Uredo sp. on A. sylvatica belong also to the clade of Phakopsora species on Annona. Thus, Uredo rolliniae was placed into Phakopsora and the new species was described as Phakopsora annonaesylvaticae.
In conclusion, all rusts of Phakopsoraceae occurring on Annona belong to a highly supported monophyletic clade that appears within the genus Phakopsora in the present phylogenetic analyses (Figs. 1, 2 and 3) . It is also noteworthy that all these Phakopsora species are parasitic exclusively on species of the genus Annona from the Neotropics including the synonymized genus Rollinia.
Aime (2006) concluded that the "family and the genus Phakopsora itself are polyphyletic, divided into two monophyletic but unrelated lineages". One lineage consists of species occurring on dicotyledonous plants (the "true" Phakopsora according to Aime 2006) . This group of Phakopsora is represented here by species on Annona, Euphorbiaceae and Fabaceae, including the economically important soybean rusts, P. pachyrhizi. The species of the second lineage occurs on monocotyledonous Poaceae (Aime 2006), which is not included in our study. However, the type species of the genus Phakopsora, P. punctiformis McNeill et al. 2012; Braun 2012) , the recombination of Uredo rolliniae into Phakopsora rolliniae and the new description as Phakopsora annonae-sylvaticae is allowed, even through only the anamorphic uredinia stages of them are known, because these could clearly be assigned to the teleomorphic genus Phakopsora by DNA analyses.
Species delimitation within Phakopsora on Annona
Whereas telia in Phakopsora show few characteristics to distinguish species, the present study shows that the morphology of the uredinia is very diverse, even in a group of closely related species (cf. Ono et al. 1992; Buriticá and Hennen 1994) . Thus, uredina could be well used to delimit the five Phakopsora species and one Uredo sp. on Annona, and were most suitable for creating a key, particularly since telia were very rarely found. Host preferences to single species or sections of Annona (Table 2 ) could be also used as additional ecological features, albeit with restrictions. Phakopsora crucis-filii occurs mainly on species of sect. Helogenia but it was also detected once on A. squamosa belonging to Annona sect. Atta, which is mainly the host section of P. cherimoliae. The host jump of P. crucis-filii on it is reported here for the first time. It is noteworthy to monitor because A. squamosa is an often cultivated fruit tree and P. crucis-filii may develop as a newly problematic pathogen on it. Beenken et al. (2012) gave further examples from the rust fungal genus Dasyspora, which is comparable to present Phakopsoa species. The genus Dasyspora occurs also on Neotropical Annonaceae, on Xylopia, but in contrast to the presented Phakopsora species, which show a more or less strict host preference on sub generic level (Table 2) , the Dasyspora species show host preferences on species level (Beenken et al. 2012) . It is distributed in about the same regions of Central America and South America as the Phakopsora species on Annona (Beenken et al. 2012) . Within Dasyspora, the species of the D. gregaria complex are also quite indistinguishable in their ITS sequences. Dasyspora segregaria Beenken and D. gregaria (Kunze) Henn. occur in The sequencing data fit very well with the present morphological species delimitation but with one exception. The two species P. crucis-filii and P. pistila are not distinguishable by the investigated DNA sequences, not even by the ITS-sequences (Fig. 2) . Both species have similarly formed uredinia but are well-separated by the ornamentation of their urediniospores (Buriticá 1999) . The urediniospores of P. pistila bear long spines in contrast to the fine-echinulate spore ornamentations of P. crucis-filii (Fig. 4b, c) . They differ strictly in their host range, too ( Table 2 ). This becomes particularly obvious in French Guiana, where their distribution areas overlap and both species occur sympatrically at edges of forests at savannas. A strong correlation between the morphologically defined species and their host preferences was found there. Phakopsora crucis-filii was only observed on A. paludosa and never on A. sericea and versa vice P. pistila only on A. sericea and never on A. paludosa; even if they were found on adjacent trees at the same location together (collections LB 19.07.09/6 and LB 19.07.09/7). From these observations of host specificity in the field it can be assumed that P. crucis-filii and P. pistila are not only morphologically but also ecologically well-separated species. Thus, there is no reason for synonymizing these wellestablished species (Buriticá 1999) in spite of their sequence similarities of the ITS region. It is known that ITS sequences cannot always separate closely related but morphologically and ecologically well-separated species and "lack of ITS variation does not provide evidence of conspecificity" (Bruns 2001 ). Harrington and Rizzo (1999) also criticize that "there may be an over reliance on rDNA and their spacer regions for phylogenetic analyses of the fungi, especially for species-level comparisons". Even Schoch et al. (2012) , who proposed the ITS sequence for barcoding of fungi, conceded the "limitation of ITS sequences for identifying species in some groups".
Central America and the Guianas, respectively, the morphologically distinct D. echinata Beenken & Berndt were only found in the cerrados of Brazil (Beenken et al. 2012) . Phakopsora pistila and P. crucis-filii show more or less the same distinction in their distribution pattern and habitat preferences in correlation to their hosts. Phakopsora pistila occurs in the more humid climates of Central America and adjacent northern South America the hotspot of Annona, sect. Pilanona, (Fries 1931) and P. crucis-filii prefer the dryer cerrados of Brazil where the most species of sect. Helogenia grow (Fries 1931) . In contrast to both Phakopsora species, an overlapping zone in the D. gregaria complex is unknown.
The found differences in spore ornamentation between the species in each complex could be interpreted as adaption to the different environments and hosts (Beenken et al. 2012) . Furthermore, it could be speculated that these differentiations in morphology and in host preferences have arisen faster than changes in the nuclear rDNA could be taken place. Raffaele et al. (2010) compared the genomes of four extremely closely related species of the fungus-like plant pathogenic Phytophthora infestans complex (Oomycetes) that have ca. 99.9 % identity between their ITS sequences. They showed that host jumps and following specializations to different hosts have effected a rapid evolution of genes that are involved in the pathogen-host interaction. Aside from host jumps, hybridization, which is also known from rust fungi, is a further mechanism inducing fast speciation (reviewed in Park and Wellings 2012) . The offspring of hybridization could become a new species that have the same ITS sequence of one of its parental species or a combination of both parental sequences, as Newcombe et al. (2000) could show for the rust fungal hybrid Melampsora × columbiana G. Newc. and its parental species M. medusae Thüm. and M. occidentalis H.S. Jacks. Stukenbrock et al. (2012a, b) identified a hybridisation in the ascomycete grass pathogen genus Zymoseptoria, in which the hybrid, Zymoseptoria pseudotritici B.A. McDonald, Stukenbr. & Crous, share the identical ITS sequence with its parental species Z. tritici (Desm.) Quaedvl. & Crous. However, there are clear evidence neighter of host jump nor of hybridisation from the present data. Incongruences between the nuclear (Figs. 1 and 2) and mitochondrial (Fig. 3) phylogenies that would indicate hybridisation were not found.
Contrary to this, the analyses of ITS and LSU sequences split P. rolliniae into two subgroups (Fig. 2) . One includes collections from Trinidad, the type location, and northern French Guiana, and the second group originates from southeast French Guiana. The analyzed members of both groups were identical in their sequences of the mitochondrial CO3 (Fig. 3) . No differences in their morphology or hosts preferences were found, thus they were assigned to one single species. Dasyspora nitidae Beenken, which was also collected in French Guiana, shows a bifurcation into two subgroups in the ITS-LSU analyses (Beenken et al. 2012) .
Phakopsora annonae-sylvaticae is morphologically very similar to P. rolliniae. Both have uredinia without peri-or paraphyses and differ only in ornamentation, size and shape of uredinospores. Both occur on Annona species, which formerly belonged to the genus Rollinia (Rainer 2007) . Unexpectedly, they did not appear as sister species in any of our phylogenies but were in sister positions to species with periphyses. Phakopsora phyllanthi, which appear in sister position to all species on Annona (Fig. 1) , has uredinia with well-developed peri-and paraphyses. Such sterile elements are quite common in the uredinia of Phakopsora (Ono et al. 1992; Buriticá and Hennen 1994) . Thus, the loss of periphyses seems to be happened twice in Phakopsora on Annona. Phakopsora annonae-sylvaticae is only known from the type collection from southeastern Brazil far away from the distribution area of P. rolliniae in the north of South America. The same differences in distribution areas show their hosts A. sylvatica and A. exsucca (Fries 1939; Maas and Westra 1992) . Thus, P. rolliniae and P. annonae-sylvaticae could be regarded as cryptic or nearly cryptic species. In the genus Dasyspora, D. mesoamericana Beenken and D. frutescentis Beenken are cryptic species that occur both one X. frutescens but the former in Central America and the latter in South America (Beenken et al. 2012) . It may be that the morphological conformities reflect in each case analogous adaptation to similar hosts.
In conclusion, the found incongruences between the sequence data and morphology, respectively, host preferences of species illustrate our limited knowledge and understanding of the intra-and intergeneric variability of the ITS region of rust fungi in general, but especially of those from the tropics, at this time. Thus, the morphology and host preferences were assessed as important characters for species delimitation in the present species concept but the sequence data could help to interpret them, as it was already discussed extensively for the rust fungal genus Dasyspora in Beenken et al. (2012) .
The found conspicuous analogies between evolutionary and phylogeographic patterns of Phakopsora and Dasyspora are obviously not coincidental. They may indicate parallel evolution of both genera, each together with its host genus, driven by common influences of historical geomorphological processes and climatic changes in the Neotropics as it is reported from several South American organisms (reviewed in Turchetto-Zolet et al. 2013) . However, because the evolution of plant pathogens cannot explain independently from their hosts, it would be firstly necessary to study the phylogeographies of Annona and Xylopia, respectively.
Additional rust fungi on Annona
The collection of H. Sydow, Fungi venezuelani No. 307 , labeled as Physopella cherimoliae was detected as an unknown Uredo species. Because of its lack of paraphyses and having a peridium, these uredinia belong neither to P. cherimoliae as they were labeled, nor to one of the other Phakopsora species on Annona. The remnants of cellular peridia bring to mind Milesia-type uredinia, as they are known from Pucciniastraceae (Cummins and Hiratsuka 2003) , but their typical ostiolar cells were not observed. Milesia-type uredinia are also reported from Phakopsora species (Ono et al. 1992; Buriticá and Hennen 1994) . Molecular data were not available from the old specimen to clear its taxonomy and the determination of its host plant to an Annona species was not certain. For these reasons, describing a new species was not done.
The Aecidium sp. found on Annona spraguei and A. holosericea did not belong to A. annonae because it differed in their hosts, which is not an Annonaceae in A. annonae but Diospyros hispida (Ebenaceae). They differed in their ornamentation of aeciospores and peridial cells as well. Therefore, the new species, A. verannonae, is described in the anamorphic "form" genus Aecidium. Aecidium should be used here as a provisionally taxonomical but not as a phylogenetic classification (cf. Braun 2012) because it could be assigned to any existing teleomorphic genus neither morphological features nor by molecular data up to now (Fig. 1) . Aecidium verannonae is the only one further rust fungus that could be certainly reported from Annona but it is less closely related to the Phakopsoraceae (Fig. 1) .
